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We revisit the theory and experiment on spin Hall magnetoresistance (SMR) in bilayers consist-
ing of a heavy metal (H) coupled to in-plane magnetized ferromagnetic metal (F), and determine
contributions to the magnetoresistance due to SMR and anisotropic magnetoresistance (AMR) in
four different bilayer systems: W/Co20Fe60B20, W/Co, Co20Fe60B20/Pt, and Co/Pt. To do this,
the AMR is explicitly included in the diffusion transport equations in the ferromagnet. The results
allow precise determination of different contributions to the magnetoresistance, which can play an
important role in optimizing prospective magnetic stray field sensors. They also may be useful
in the determination of spin transport properties of metallic magnetic heterostructures in other
experiments based on magnetoresistance measurements.
I. INTRODUCTION
Spin Hall magnetoresistance (SMR) is a phenomenon
that consists in resistance dependence on the relative ori-
entation of magnetization and spin accumulation at the
interface of ferromagnet and strong spin-orbit material
(such as 5d metals [1–6], topological insulators [7], or
some 2D systems [8]). In such transition metals as W
and Pt, the spin accumulation results from spin current
driven by the spin Hall effect (SHE) [9–12]. The spin
current diffuses then into the ferromagnet or exerts a
torque on the magnetization while being backscattered.
Due to the inverse spin Hall effect (ISHE), the backscat-
tered spin current is converted into a charge current that
flows parallel to the bare charge current driven by ex-
ternal electric field, which effectively reduces the resis-
tance [3]. One of the most important advantages of driv-
ing spin currents by SHE is that the spin currents can
be induced by a charge current flowing in the plane of
the sample [13]. This may remedy some obstacles on the
road to further miniaturization of prospective electronic
components, which have been encountered in spin-valves
and magnetic tunnel junctions when the electric field is
applied perpendicularly to interfaces. One of the draw-
backs, however, is that the strength and effectiveness of
such subtle effects depend strongly on the quality and
spin properties of interfaces [14–21].
Although early SMR experiments were performed on
heavy-metal/ferromagnetic-insulator bilayers [1], recent
efforts are focused on the bilayers with ferromagnetic
metallic layers, such as Co or Co20Fe60B20 ones [4, 6],
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which are currently more relevant for applications. When
the magnetization is parallel to the spin accumulation,
the spin current from the heavy-metal can easily diffuse
into the ferromagnetic metal (influencing its spin trans-
port properties and spin accumulation on the ferromag-
netic metal side) [4, 22–28]. This is especially impor-
tant when an additional spin sink (another heavy-metal
layer or an antiferromagnet) is on the other side of the
ferromagnetic layer, where effects such as spin current
interference might take place [5].
Moreover, as charge current flows in plane of the
sample, additional phenomena may occur, such as
anisotropic magnetoresistance (AMR) or anomalous Hall
effect (AHE) [29–34]. These effects can obscure determi-
nation of spin transport parameters and make evalua-
tion of the SMR contribution to the measured magne-
toresistance more difficult. Since the determination of
such transport properties as the spin Hall angle (which
parameterizes strength of the spin Hall effect) and spin
diffusion length in different experimental schemes, for
instance in spin-orbit torque ferromagnetic resonance
(SOT-FMR) [35, 36], relies heavily on the magnetore-
sistive properties of a system, it is important to properly
determine all the contributions to magnetoresistance.
Here, we revisit the theory of spin Hall magnetore-
sistance in metallic bilayers by explicitly including the
contributions from AMR and AHE into the spin drift-
diffusion theory for the ferromagnetic metal layer. The
expressions for magnetoresistance are then fitted to the
data obtained from resistance meansurements on heavy-
metal (H)/ferromagnet (F) bilayers, where H: W, Pt,
while F: Co, Co20Fe60B20. This allows us to deter-
mine more accurately contributions from various mag-
netotransport phenomena occuring in metallic bilayers
where the spin Hall effect is the driving source. Such
analysis may also be useful in the efforts to optimize
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FIG. 1. Schematic representation of the system considered
in this paper. The system consists of heavy-metal (H) and
ferromagnetic-metal (F) layers. The bilayer is deposited on a
substrate and capped with a non-conductive layer (C). Thick-
nesses tH and tF of the H and F layers are varied, in general.
Electric field, Ex, is applied along the x axis, while the unit
vector mˆ along magnetization of the ferromagnet is oriented
in the plane and at an angle ϕ to the x axis.
prospective devices for information technology.
The paper is organized as follows: Sec. II contains the-
oretical derivation of the formulas for multilayer magne-
toresistance with explicit AMR and AHE contributions
from metallic ferromagnet and SMR from H/F interface.
Section III contains experimental details on the resis-
tance and resistivity of the samples studied in this paper.
Section IV contains results and discussion of the to ex-
perimental data on magnetoresistance. Finally, in Sec. V
we briefly summarize the paper.
II. THEORY
Figure 1 shows schematic representation of the system
examined here. Note that the electric field in this figure
is oriented along the axis x, but in order to properly
capture the planar Hall effect in calculations we consider
a more general orientation of the field,
E = Exeˆx + Eyeˆy, (1)
where eˆx and eˆy are unit vectors along the axes x and y,
respectively.
The spin current density tensor (measured in the units
of charge current density) in the heavy-metal (H) layer
can be written as follows:
2e
~
q
H
s =
∑
i
eˆij
H
si , (2)
where i = x, y, z, and in the r.h.s. we used the convention
for dyadic vector products according to which the first
vector denotes the flow direction, and the second vector
describes the spin polarization and magnitude of the spin
current. Only the component flowing along the normal
to interfaces is relevant and will be taken into account in
the following, i.e. eˆz ·
2e
~
q
H
s ≡ j
H
s (z), where
jHs (z) = −
θSH
ρH0
eˆz ×E +
1
2eρH0
∂µHs (z)
∂z
. (3)
Here θSH is the spin Hall angle, ρ
H
0 is the bare resistivity
of the heavy metal, and µHs (z) is the spin accumulation
that is generally z-dependent.
The charge current density in the heavy-metal (H)
layer, in turn, can be written in the form
jHc (z) =
1
ρH0
E +
θSH
2eρH0
eˆz ×
∂µHs (z)
∂z
, (4)
and contains the bare charge current density and the cur-
rent due to inverse spin Hall effect. Note, that the spin
current in general can induce charge current also flow-
ing along the axes x and y. However, due to lateral
dimensions of the samples much larger than the layer
thicknesses and spin diffusion lengths, those additional
components can be neglected.
Analogously to the above, we define the spin current
density tensor (in the units of charge current density) in
the ferromagnetic layer (F) as
2e
~
q
F
s = j
F
s mˆ . (5)
However, now the first vector on r.h.s. describes direction
flow and magnitude of spin current while the second one
spin polarization, which now is along the magnetization.
Thus, one can write 2e
~
q
F
s · mˆ = j
F
s , where j
F
s is given by
the equation [26, 27]:
jFs (z) =
1
2eρF0
∇µFs (z) +
β
2eρF0
∇µFc (r)
+
θAH
2eρF0
mˆ×∇µFs (z)−
θAMR
2eρF0
mˆ
[
mˆ · ∇µFs (z)
]
,
(6)
in which θAH and θAMR are the anomalous Hall angle
and AMR angle, defined as θAH = σAHρ
F
0 and θAMR =
σAMRρ
F
0 , respectively, while µ
F
c (r) = 2eE · r + µ
F
c (z) is
the electrochemical potential.
Charge current density in the ferromagnetic layer (F)
can be written as [26, 27],
jFc (z) =
1
2eρF0
∇µFc (r) +
β
2eρF0
∇µFs (z)
+
θAH
2eρF0
mˆ×∇µFc (r)−
θAMR
2eρF0
mˆ
[
mˆ · ∇µFc (r)
]
.
(7)
Note, in the above equations for the current densities
in both H and F layers we assumed linear response to
3electric field, i.e. we neglected the so-called unidirectional
spin Hall magnetoresistance effect [22–25].
The interfacial spin current density tensor can be writ-
ten as
2e
~
q
HF
s = eˆzj
HF
s , (8)
where the spin current jHFs flowing through the heavy-
metal/ferromagnet interface is given by the following ex-
pression [37]:
jHFs = GF
[ (
µFs − µ
H
s
)
· mˆ
]
mˆ+Gimˆ× µ
H
s (0)
+Grmˆ× mˆ× µ
H
s (0) . (9)
Here GF = (1 − γ
2)(G↑ + G↓)/2 with γ defined as
γ = (G↑ − G↓)/(G↑ + G↓) and G↑ and G↓ denoting
the interface conductance for spin-↑ and spin-↓. Further-
more, Gr ≡ ReGmix and Gi ≡ ImGmix, where Gmix
is the so-called spin-mixing conductance. Note, that
we neglect explicitly a contribution from the interfacial
Rashba-Edelstein spin polarization [36]. A strong inter-
facial spin-orbit contribution which induces spin-flip pro-
cesses can also be combined with the interfacial spin con-
ductance GF as a spin-conductance reducing parameter
1 − η, with η = 0 for no interfacial spin-orbit coupling,
and η = 1 for maximal spin-orbit coupling. Note, that
this reduction could also be attributed to the magnetic
proximity effect, especially in the case of Pt-based het-
erostructures [11], however recent studies suggest its ir-
relevance for spin-orbit-torque–related experiments [20].
In the following discussion we assume η = 0 and treat
GF as an effective parameter.
To find charge and spin currents we need to find first
the spin accumulation at the H/F interface and also at
external surface/interfaces. This can be found from the
following boundary conditions:
jHs (z = −tH) = 0 , (10a)
jFs (z = tH + tF ) = 0 , (10b)
jHs (z = 0) = j
HF
s , (10c)
jFs,z(z = 0) = j
HF
s · mˆ . (10d)
Having found spin accumulation and also electrochemical
potential, one can find the longitudinal (l) and transver-
sal (t) in-plane components of the averaged charge cur-
rent j(mˆ) from the formula:
jl(t)(mˆ) =
1
tH + tF
[∫
tH
dzeˆx(y) · j
H
c (z)
+
∫
tF
dzeˆx(y) · j
F
c (z)
]
. (11)
The total charge current can be written down in the
Ohm’s-law form,
j(mˆ) = σ(mˆ)E , (12)
where the conductivity (resistivity) tensor takes the form:
σ(mˆ) ≡
[
ρ(mˆ)
]−1
=
[
σ0 + σxm
2
x + σym
2
y mxmyσxy
mxmyσxy σ0 + σym
2
x + σxm
2
y
]
,
(13)
with
σ0 = −2
θ2SH
ρH0
λH
tF + tH
tanh
(
tH
2λH
)
+
ρF0 tH + ρ
H
0 tF
ρF0 ρ
H
0 tF + ρ
F
0 ρ
H
0 tH
≈
ρF0 tH + ρ
H
0 tF
ρF0 ρ
H
0 tF + ρ
F
0 ρ
H
0 tH
(14)
σx =
θ2SH
ρH0
gDLλH
tF + tH
tanh
(
tH
2λH
)
−
θAMR
ρF0
tF
tF + tH
,
= σSHx + σ
AMR
x , (15)
σy =
θ2SH
ρH0
gFHλH
tF + tH
tanh
(
tH
2λH
)
−
θ2AH
ρF0
gHFλF
tF + tH
β2
(1− β2)
tanh
(
tF
2λF
)
+ 2
θ2AH
ρF0
λF
tF + tH
β2
(1− β2)
tanh
(
tF
2λF
)
+
θ2AH
ρF0
tF
tF + tH
= σSHy + σ
AH
y , (16)
σxy = σx + σy . (17)
In the above expressions the following dimensionless co-
efficients have been introduced to simplify the notation:
gDL =
[
1− sech
(
tH
λH
)]
gr(1 + gr) + g
2
i
(1 + gr)2 + g2i
,
gr,i = 2Gr,iρ
H
0 λH coth
(
tH
λH
)
,
gFH =
[
1− sech
(
tH
λH
)]
1
1 +
(
1
2GFλHρH0
+ γFH
)
tanh
(
tH
λH
) ,
gHF =
[
1− sech
(
tF
λF
)]
1
1 +
(
1
2GFλFρF0
+ γHF
)
tanh
(
tF
λF
) ,
(18)
γFH =
λFρ
F
0
λHρH0 (1− β
2)
coth
(
tF
λF
)
,
γHF =
λHρ
H
0
(
1− β2
)
λFρF0
coth
(
tH
λH
)
. (19)
With the resistivity defined in Eq. (13) we can now define
magnetoresistance,
MR =
ρxx(mˆ ‖ eˆx)− ρxx(mˆ ‖ eˆy)
ρxx(mˆ ‖ eˆx)
, (20)
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FIG. 2. Resistance R as a function of thickness tH for in-
dicated heavy metal layers (black squares): W [(a),(c)], Pt
[(b),(d)], and as a function of thickness tF for ferromagnets
(blue dots): Co20Fe60B20 [(a),(b)] and Co [(c),(d)].
where ρxx(mˆ) ≡ ρ(mˆ) · eˆx. Taking into account
Eqs. (14)-(16), the above formula can be written as,
MR ≈
σy − σx
σ0
. (21)
In order to compare the models with and without AMR
and AHE, we define SMR as:
SMR = −MR
∣∣∣∣∣
θAMR→0
θAH→0
, (22)
which simplifies our model to that introduced by Kim et.
al [4].
III. EXPERIMENT
Table I shows the multilayer systems that were pro-
duced for SMR studies. The magnetron sputtering tech-
nique was used to deposit multilayers on the Si/SiO2
thermally oxidized substrates. Thickness of wedged lay-
ers were precisely calibrated by X-ray reflectivity (XRR)
measurements. The details of sputtering deposition pa-
rameters as well as structural phase analysis of highly
resistive W and Pt layers can be found in our recent pa-
pers [36, 38]. In turn, structure analysis of the Co crys-
tal phases grown on disoriented β-W can be found in the
Supplemental Material [39].
TABLE I. Composition of samples, and resistivities of heavy
metal and ferromagnetic layers. Numbers in parentheses de-
note thickness (in nm) of the corresponding layer.
No. Sample
ρH0
(µΩcm)
ρF0
(µΩcm)
W1 W(5)/Co20Fe60B20(tF )/Ta(1) 185 144
W2 W(tH)/Co20Fe60B20(5)/Ta(1) 166 144
W3 W(5)/Co(tF )/Ta(1) 120 22
W4 W(tH)/Co(5)/Ta(1) 120 30
P1 Co20Fe60B20(tF )/Pt(3) 95 102
P2 Co20Fe60B20(5)/Pt(tH) 151 161
P3 Co(tF )/Pt(4) 55 18
P4 Co(5)/Pt(tH ) 24 57
After deposition, multilayered systems were nanostruc-
tured using either electron-beam lithography or optical
lithography, ion etching and lift-off. The result was a ma-
trix of Hall bars and strip nanodevices for further elec-
trical measurements. The sizes of produced structures
were: 100 µm x 10 µm or 100 µm x 20 µm. In order
to ensure good electrical contact with the Hall bars and
strips, Al(20)/Au(30) contact pads with dimensions of
100 µm x 100 µm were produced. Appropriate placement
of the pads allows rotation of the investigated sample and
its examination at any angle with respect to the exter-
nal magnetic field in a dedicated rotating probe station
using a four-points probe. The constant magnetic field,
controlled by a gaussmeter exceeded magnetization satu-
ration in plane of the sample and the sample was rotated
in an azimuthal plane from -120◦ to +100◦.
The resistance of the system was measured with a two-
and four-point technique using Keithley 2400 sourceme-
ters and Agilent 34401A multimeter. As shown in
Fig. 2, resistances of bilayers with amorphous ferromag-
net Co20Fe60B20 are about one order higher than these
with polycrystalline Co. The same results were obtained
using both techniques. The thickness-dependent resis-
tivity of individual layers was determined by method
described in Ref. [6], and by a parallel resistors model.
For more details on resistivity measurements we refer the
reader to Supplemental Material [39].
IV. RESULTS AND DISCUSSION
Table II shows parameters used for fitting the model to
the experimental data on magnetoresistance. In order to
simplify the analysis, we assumed thickness-independent
interfacial spin-mixing conductances. However, it is well-
known from the spin-pumping theory [40] that the in-
terfacial spin-mixing conductance is strongly dependent
on Gilbert damping and saturation magnetization of the
ferromagnet, which, in turn, depend on thickness of
the layer. These parameters vary strongly mostly for
thin layers, while they saturate for thicker ferromagnets.
Moreover we assumed transparent contacts for parallel
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FIG. 3. Magnetoresistance ∆R as a function of both H (black squares) and F (blue dots) layers thicknesses [(a)-(d)]; relative
magnetoresistance MR for: W/Co20Fe60B20 [(e),(i)], W/Co [(f),(j)], Co20Fe60B20/Pt [(g),(k)], and Co/Pt [(h),(l)].
TABLE II. Parameters used for fitting the model to experi-
mental data for samples defined in Tab. I.
No. |θSH| θAMR (%) Gr (Ω
−1m−2) λH (nm) λF (nm)
W1 0.32 0.14 1013 1.3 1
W2 0.28 0.13 1014 1.3 2
W3 0.34 1.1 1017 1.3 5
W4 0.47 0.5 1013 1.3 5
P1 0.25 0.2 1011 2.2 2.5
P2 0.09 0.35 1011 2.2 2.5
P3 0.09 2.4 1013 2.2 5
P4 0.28 0.7 1014 2.2 5
spin transport, i.e. GF → ∞, and also assumed Gi to
be neglible. Both assumptions are valid for metallic in-
terfaces and the fitted parameters should be understood
as upper limits. Although the theory predicts influence
of AHE on the magnetoresistance, we neglect it in fur-
ther discussion, as the so-called anomalous Hall angle is
small in ferromagnets considered here, but should play an
important role in out-of-plane magnetized systems or in-
plane magnetized systems with more significant anoma-
lous Hall angle. Finally, we assumed spin polarization
β = 0.3 for both Co and Co20Fe60B20.
Figures 3(a)–(d) show magnetoresistance as a function
of both heavy metal and ferromagnetic metal layer thick-
nesses, while Figs. 3(e)–(l) show relative magnetoresis-
tance, on which we will focus our further discussion. As
expected, SMR is larger in heterostructure with W as a
heavy metal layer, than in the heterostructure with Pt,
due to generally larger spin Hall angle of W, −θSH ≈
0.3 – 0.4, compared to Pt, θSH ≈ 0.1 – 0.3. On the other
hand, AMR is stronger in Co, θAMR ≈ 0.5 – 2.4%, than
in Co20Fe60B20, for which θAMR ≈ 0.13 – 0.35%. Note,
that we assume θAMR and θSH to be independent of layer
thickness, which may result in overestimated parameters
for very thin ferromagnetic layers.
Due to relatively high spin Hall angle in W, magne-
toresistance as a function of heavy-metal layer thickness,
6shown in Figs. 3(e) and 3(f), has a large SMR compo-
nent which is qualitatively and quantitatively similar for
both W/Co20Fe60B20 and W/Co bilayers. In W/Co,
however, the total magnetoresistance is larger, due to
larger AMR contribution of Co. In Pt bilayers, on the
other hand, small spin Hall angle results in magnetoresis-
tance dominated mostly by AMR contribution, as shown
in Figs. 3(g) and 3(h).
The dependence of magnetoresistance on ferromag-
netic layer thickness for fixed thickness of heavy-metal
layers’ is shown in Figs. 3(i)–(l). For bilayers with
Co20Fe60B20, shown in Figs. 3(i) and 3(k), AMR con-
tribution is weaker than SMR for both W and Pt. In the
case of Co-based heterostructures, shown in Figs. 3(j) and
3(l), however, we observe negative SMR, which is domi-
nated by parallel spin transport through the H/F inter-
face. In this case large AMR might lead to strong over-
estimation of the relevant transport parameters. More-
over, the discrepancies between the model and the data
can be attributed, as mentioned before, to varying spin-
mixing conductance for small thickness of the ferromag-
netic metal layer, possible magnetic dead layer, and mag-
netization that does not lie completely in-plane of the
sample.
V. SUMMARY
In conclusion, we have developed an extended model
of magnetoresistance for magnetic metallic bilayers with
in-plane magnetized ferromagnets, which explicitly treats
both SMR and AMR contributions. The model was
then fitted to experimental data on magnetoresistance
in W/Co20Fe60B20, W/Co, Co20Fe60B20/Pt, and Co/Pt
heterostructures to estimate the strength of SMR and
AMR effects. These results allow for a more accurate es-
timation of different contributions to magnetoresistance
in magnetic metallic systems, which is important for ap-
plications for instance in spintronic memory read-heads
or in other experimental schemes that rely on magnetore-
sistance measurements in evaluation of the spin transport
properties.
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